Introduction
Series connection of the IGBTs is used to avoid costly and complicated methods such as using transformer and multilevel topologies to increase the voltage rate in the converters [1] . A circuit should protect the string of IGBTs against overvoltage and ensure voltage sharing between IGBTs. Active gate drivers [2] and [3] can be a solution. In this paper, the method in [4] is used to investigate for three high speed and high voltage IGBTs in series. In contrary with the paper [4] three fast IGBTs with clamp voltage close to the blocking voltage of the IGBTs are tested. Dynamic and static sub circuits contain of RCD and R, respectively, are in the collectoremitter side and clamp sub circuit is in the collectorgate side. Combination of the dynamic sub circuit and clamp sub circuit minimize the disadvantageous of both sub circuits. Dynamic sub circuit can minimize the oscillation of the voltage during switching times and leads to decrease the switching losses of the clamp subcircuit. Protection of the IGBTs against overvoltage can be done by clamp sub circuit therefore it can avoid using big snubber circuit [4] . The formulas in [4] was derived for three IGBTs in series and the values of the dynamic and the static sub circuits was calculated by them. The clamp circuit can clamp the voltage across fastest IGBT(s) and prevent overvoltage which comes from different delays in the switching times of the IGBTs and deviation in the IGBT parameters. Figure 1 presents three IGBTs in series which is protected by the clamp sub circuit in the gate-collector side and the static and the dynamic sub circuits in the collector-gate side.
can limit the current and protect the zener diodes. Diode in series with the zener diodes avoids creating low pass impedance in the clamp string when IGBT is on [5] . Current passing through the gate resistance should pass through the clamp circuit during the switching process. Therefore, the zener diodes should be able to pass the same value of surge reverse current through during this time. Actually, the zener diode with at least surge reverse current equal to the maximum current which is passing through the gate resistance during switching process is needed. In this paper, three series IGBTs are used in a buck converter and tested in different level of voltages. Finally, they are tested by clamp voltage close to the blocking voltage of the IGBT. Maximum 2A current is in the output of the converter. Both switching off and on process are the focus in this paper. Both simulation and experimental results are compared but stray inductances of the circuit and parasitic capacitances of the components have influence on the experiments. Both results of the simulations and the experiments are in the following.
Designed buck converter
Buck converter which can handle around 3kV was made by three series IGBTs (1.2kV). Figure 2 and 3 shows the designed converter in Pspice and laboratory set-up. Semi active gate driver circuit was used in the laboratory design. Three 1.2kV silicon diodes are used as free-wheeling diodes in the converter structure. The clamp circuit can clamp the IGBTs in around 1kV. The Lab set-up was designed to be compact and have low inductive circuit. 
Experiments

Switching off process
The non-synchronized switching leads to have overvoltage across at least one IGBT in the series connection of them. Therefore, using the clamp circuit is an easy and reliable way to protect the IGBTs against overvoltage during switching off process. 
Switching on process
Switching on process is as important as switching off process in series connection of IGBTs in a converter design. Similar to the simulations, first fastest IGBT turns on during the switching on process and other IGBTs start to share the voltage during this interval. Therefore, the clamp circuits of these IGBTs start to act and pass current through. Compare to the simulations, the stray inductances and parasitic capacitances of the circuit have influence on the behavior of the converter. Interaction between inductive and capacitive parts in the buck converter structure leads to high frequency oscillations on the voltages of the IGBTs and create transient breakdown. Actually, interaction between inductor and parasitic capacitances of the free-wheeling diodes and this IGBT leads to create transients. The transients is dangerous for the system in higher voltages and a solution should be considered. The conducting loss of this IGBT can damp the oscillations when it is the fastest to turn on during switching on process, see figure 10 . Therefore, as a solution, always nearest IGBT to the free-wheeling diodes and the inductor should be fastest to turn on during the switching on process in a converter design. Actually, pre-adjustment of the switching delays is needed. Figure 11 and 12 shows the voltages across the IGBTs during switching on process at clamping voltage 400V and 800V, respectively. The switching on process is normal in all levels of voltages when pre-adjustment is considered. In addition, figure 11 shows the process of sharing the voltage between the second and the third fastest IGBTs during the switching on process after turning on of the fastest IGBT. These two IGBTs try to share the voltage but the input voltage is not big enough to their clamp circuits start to act. After a while these IGBTs turn on and the voltages drop. 
Conclusion
In this paper, experimental test of the high voltage converter with the three IGBTs in series which is protected by the method in [4] , shows high voltage converter can be made in different levels of voltages with several dozens of IGBTs. Pre-adjustment of the switching delays can protect IGBTs against transient breakdown during switching on process.
In addition, power loss and speed of zener diodes are significant factors to be considered to have fast clamp circuit which is able to protect IGBTs against transient breakdown from the beginning of switching off process and handle longer switching delays during this time.
